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Dependence of Total Longshore Sediment

US Army Corps Transport Rates on Incident Wave Parameters
of Engineersg, and Breaker Type

by Ernest R. Smith, Bruce A. Ebersole, and Ping Wang

PURPOSE: Total longshore sediment transport (LST) rate and its cross-shore distribution in the
surf zone are essential to many coastal engineering and science studies. Practical engineering
applications such as predicting beach response in the vicinity of coastal structures, beach-fill
evolution and renourishment requirements, and sedimentation rates in navigation channels all
require accurate predictions of LST rates. Present predictive tools have been developed based
primarily on field studies; however, obtaining high-quality data in the field is difficult (Wang
and Kraus 1999). Arguably the most widely used model for estimating total longshore sediment
transport rate is the “CERC” formula (Coastal Engineering Manual 2002, Shore Protection
Manual 1984), which is based on field measurements and is often applied to calculate the total
LST rate. Accuracy of the CERC formula is believed to be £ 30-50 percent at best; and several
parameters that logically might influence LST are excluded in the formula, such as breaker type
and grain size.

This CHETN summarizes results of experiments conducted in the Large-scale Sediment
Transport Facility (LSTF) (Hamilton et al. 2001; Hamilton and Ebersole 2001; Fowler et al.
1995) to investigate the importance of wave height, period, and breaker type (spilling and
plunging breakers) on total LST and the cross-shore distribution of LST. The LSTF is capable of
simulating wave conditions that are almost directly comparable to annual averages along many
low-wave-energy coasts, for example a majority of estuarine beaches (Nordstrom 1992) and
many beaches along the Gulf of Mexico and the Great Lakes in the United States.

BACKGROUND: A common tool for predicting the total rate of longshore transport is the
CERC formula. The model, based on the assumption that the total longshore sediment transport
rate is proportional to longshore energy flux, is given as:
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in which Q is the total immersed weight LST rate, K is an empirical coefficient, p is density of
water, g is acceleration due to gravity, Hy, is significant wave height at breaking, y; is the breaker
index, and 0, is wave angle at breaking. Breaker index is often assumed to be 0.78, although it is
a function of wave height, wave period, and beach slope (Weggel 1972; Smith and Kraus 1991;
Rattanapitikon and Shibayama 2000). For example, breaker indices predicted with the method of
Weggel (1972) ranged from 0.77 to 0.92 for the wave conditions generated in the LSTF.
Although improved methods for estimating breaker index have been developed, the value of 0.78
was used in calculations of Equation 1 for simplicity in the present study. The Shore Protection
Manual recommends a value of K of 0.39, which was derived from the original field study of
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Komar and Inman (1970) using sediment tracers. However, the expression is best used if the
coefficient is calibrated with data for a particular site. For design applications with adequate field
measurements, the CERC formula can be calibrated and applied to estimate total longshore
sediment transport rates with reasonable confidence (= 50 percent). However, some sites do not
have adequate data available to calibrate K, and for design applications without calibration data
the CERC formula provides only order-of-magnitude accuracy (Fowler et al. 1995; Wang et al.
1998). Miller (1998) found that the CERC formula sometimes over- and sometimes under-
predicted LST rate for measurements during storms, indicating the value of K also can be higher
than 0.39.

Most of the data available for calibration of empirical longshore sediment transport formulas
were obtained from field measurements. Field measurements in the dynamic surf zone are non-
controllable and nonrepeatable, which may lead to large uncertainties (Schoonees and Theron,
1993, 1994; Wang et al. 1998; Wang and Kraus 1999). In addition, only a limited number of
parameters can be measured in the field with coarse temporal and spatial resolutions.

The few laboratory studies on longshore sediment transport are advantageous in that they are
controllable and repeatable, and therefore, should be more accurate than field data. Laboratory
data have not been broadly used in the calibration of LST formulas, largely because typically
small scales were used. However, Kamphuis (2002) found that experiments conducted with a
relatively small model had little scale effect and uncertainties were less than that of field results.
Kamphuis suggests that it is difficult to improve estimates of longshore sediment transport rate
based solely on field data because of large uncertainties associated with measuring basic
variables and the subjectivity of interpreting results. Kamphuis concludes that any improvements
to sediment transport relationships need to be developed from controlled and controllable model
tests, despite the shortcomings of physical models.

Kamphuis (1991) developed a relationship for estimating longshore sediment transport rates
based primarily on physical model experiments. The equation, which Kamphuis (2002) found to
be applicable to both field and model data, is expressed as:

Q, =227THAT “m}™d 3 sin"* (26,) )

in which Q, is the transport rate of underwater mass in kg/s, 7), is the peak wave period, m, is the
beach slope from the breaker line to the shoreline, and dsy is the median grain size. Kamphuis
(2002) uses the same equation, but redefines the beach slope as the slope that causes breaking,
i.e., the slope over one or two wavelengths offshore of the breaker line. However, the slope
offshore of breaking in the LSTF is somewhat artificial because of the physical model limits.
Therefore in the present study, m; is defined as the slope from the breaker line to the shoreline
(Kamphuis 1991). Equation 2 is appealing because it includes wave period, which influences
wave breaking (Galvin 1968), and grain size diameter, a relevant factor in incipient sediment
motion.

Bailard (1981, 1984) developed an energy-based model based on root mean square (rms)
breaking wave height. The model calculates K as a function of breaker angle and the ratio of
velocity magnitude to sediment fall speed. The Bailard model was calibrated with field and
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laboratory data (wave heights ranging from 0.5 m to 2.0 m) and is similar to a relationship
developed based on limited laboratory data by Walton (1979) and Walton and Chiu (1979). The
Bailard equation is given as:

K =0.05+2.6sin%(26, )+ 0.007‘%’3 (3)
S

where wris the fall speed of the sediment and u,,, 1s the maximum oscillatory velocity magnitude
at breaking obtained from shallow-water wave theory as:

umb = 7/717 V ghb (4)

The relationship was developed based on fall speeds between 0.025 m/s and 0.205 m/s, breaker
angles between 0.2 deg and 15 deg, and u,,, between 0.33 and 2.83 m/s. The LSTF parameters of
6, and u,, are within the data ranges given by Bailard. The fall speed was obtained using
Hallermeier (1981) for the LSTF grain size of 0.15 mm and is calculated to be 0.183 m/s, which
is lower than the valid range given by Bailard. However, estimates of longshore sediment
transport were made with the CERC formula with K estimated by Equation 3 for the purpose of
comparison.

del Valle, Medina and Losada (1993) developed an empirically based relationship for K, which
shows decreasing values of K with larger grain sizes. The equation was based on data presented
by Komar (1988) and data obtained from the Adra River Delta, Spain. The equation, applied to
rms breaking wave heights is given as:

K =1.4¢0235%) ()

in which ds is expressed in millimeters. The relationship was developed on limited data and is
strongly dependent on the relatively larger median sand grain sizes from the Adra River Delta,
(dsp=0.44 mm to 1.5 mm).

EXPERIMENT CONDITIONS: The LSTF consists of four synchronized wave generators, a
sand beach composed of well-sorted sand with a median grain diameter of 0.15 mm, an external
recirculation system to minimize adverse laboratory effects created by the beach boundaries, an
automated instrumentation bridge, and traps equipped with load cells to weigh transported sand.
Measurements of LST were made after the beach reached a near-equilibrium condition under the
prolonged influence of the prescribed incident wave conditions, and after the externally
recirculated currents were adjusted to match the wave-induced longshore currents.

Four irregular wave conditions, with a relatively broad spectral shape representing typical sea
conditions, were generated in the LSTF. The wave conditions were designed to obtain and
compare LST rates for different breaker types by varying incident wave height and period. Four
conditions generated in the LSTF are listed in Table 1, where H,,, is the energy-based significant
wave height measured near the wave makers. Furthermore, the wave conditions were grouped by
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energy level; Tests 1 and 3 had similar incident wave heights and are referred to as higher energy
conditions, and Tests 5 and 6 are referred to as lower energy conditions. Each test was conducted
with a water depth, /4, of 0.9 m at the wave generators. Test 6 is ongoing and results presented
are preliminary.

Determination of Hy, for irregular waves is somewhat subjective. In the present study, the main
breaker line was determined as the location landward of which a significantly accelerated rate of
wave-height decay was measured. This criterion was based on the comprehension that a dramatic
wave-energy loss, and therefore, wave height decrease, should follow dominant wave breaking.
Visual observations during the experiments supported the determination.

Table 1

Longshore Sediment Transport Experiment Wave Conditions

Test Number Breaker Type Hpo, m Hgp, m Tp, s h,m 6, deg m

1 Spilling 0.25 0.26 15 0.9 6.5 0.031
3 Plunging 0.23 0.27 3.0 0.9 6.4 0.024
5 Spilling 0.16 0.18 15 0.9 6.7 0.025
6' Plunging 0.19 0.21 3.0 0.9 6.4 0.020

! Test 6 is ongoing

Wave height distribution and the average profile associated with each experiment are shown in
Figures 1 through 4. Waves broke by spilling during Test 1, and Figure 1 shows a gradual decay
of wave height through the surf zone, with incipient breaking occurring approximately 13 m
from the shoreline. The beach profile is near planar inside the surf zone. Figure 2 shows the
distribution of wave heights and profile associated with Test 3. Test 3 waves shoaled to a height
of 0.27 m and sharply decreased at approximately 13 m from the shoreline. Wave heights are
similar to those of Test 1 in the inner surf zone. Test 3 waves broke by plunging as evident by
the breakpoint bar and trough formed at approximately 11 m. Test 5 waves show a gradual
decrease across the surf zone 16 m from the shoreline (Figure 3). In this case, inner surf zone
wave height is significantly less than observed for Tests 1 and 3. The average beach profile of
Test 1 was used as the initial profile for Test 5, and little change occurred between the two
profiles. During Test 5, erosion occurred shoreward of 9 m from the shoreline and sand was
deposited between 10 and 12 m from shore, and seaward of 13 m. Figure 4 shows wave
transformation and the beach profile formed during Test 6. Waves shoaled to 0.21 m, 10 m from
the shore, where heights sharply decreased. A small breakpoint bar (compared to Test 3) formed
under the lower incident plunging wave conditions.
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Figure 1. Wave height distribution and beach profile associated with Test 1
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Figure 2. Wave height distribution and beach profile associated with Test 3
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Figure 3. Wave height distribution and beach profile associated with Test 5
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Figure 4. Wave height distribution and beach profile associated with Test 6




ERDC/CHL CHETN-IV-62
September 2004

Total LST rate was computed by summing the sediment flux measured in all of the traps. The
values presented are given in deposited sand volume assuming a porosity of 40 percent.
Measured transport rates are given in Table 2 along with the predicted values based on Equations
1 and 2, which were converted from immersed weight to immersed volume. If the recommended
K-value of 0.39 is used, the CERC formula (Equation 1) over predicts measured values from the
spilling cases by a factor of 8 for Test 1 and nearly 7 for Test 5. Over estimates are greater than a
factor of 3 for both plunging wave cases. The CERC formula produced similar estimates for Test
1 and Test 3 because they have similar breaking wave heights, although breaker types differed.
Measured transport rates were nearly three times greater for Test 3 (plunging) than Test 1
(spilling) and more than three times greater for Test 6 (plunging) than Test 5 (spilling). Results
using Kamphuis (1991) (Equation 2) produced more consistent estimates with the measured data;
differences ranged between 10 percent for Test 1 to 22 percent for Test 6. The improved
estimates of Kamphuis (1991) can in part be attributed to the incorporation of wave period into
Equation 2, which influences breaker type. Predictions using the method of Bailard (1981, 1984),
which considers grain size in the computation of K, also gave better estimates than the CERC
formula. However, differences ranged from 30 percent (Test 6) to 300 percent (Tests 1 and 5).
Equation 5 (del Valle, Medina, and Losada 1993) gave results generally on the same order as the
CERC formula.

Table 2

Comparison between measured and predicted total longshore transport rate

Experiment Measured CERC Formula (K=0.39) Kamphuis Bailard del Valle et al.
Number m’lyear m’lyear m°®lyear m’lyear m°®lyear

1 2,660 20,740 2,390 10,660 20,570

3 7,040 22,900 6,060 14,570 33,000

5 1,130 8,400 1,010 4,500 7,760

6' 4,040 12,040 3,160 5,250 11,010

"Test6is ongoing and results are preliminary

Saville (1950) observed that for waves of identical energy levels, greater longshore transport
rates occurred for waves having lower wave steepness. Ozhan (1982) found similar results in a
laboratory study. Breaker type is a function of wave steepness, and lower steepnesses indicate
plunging breakers. In summarizing a review of longshore sediment transport literature, Bodge
and Dean (1987) state that longshore sediment transport should somehow depend upon the
breaker type. The results shown in Table 2 support these conclusions and indicate that in addition
to wave height, breaker type is a factor in estimating LST rates.

Considering the role of breaker type in LST rates, the CERC formula was evaluated based on
breaker type. If measured transport rates from Test 1 are used to calibrate the CERC formula,
K =0.05. Applying this coefficient to the wave conditions of the lower energy spilling case
(Test 5) gives a transport rate of 1,080 m’/year, or a 5 percent difference from the measured
rates. Likewise, if the CERC formula is calibrated with transport rates from Test 3, K= 0.13.
Applying this coefficient with wave conditions of the lower energy plunging case (Test 6), a
transport rate of 3,700 m’/year is calculated, which is an 8 percent difference compared to
measured rates. The improved rates are illustrated in Figure 5, which shows calculated versus
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measured transport rates using the CERC formula with calibrated K-values. Additionally, CERC
formula estimates using K = 0.39 and estimates from Kamphuis (1991) are included. The figure
indicates that the CERC formula gives reasonable estimates if K is calibrated, and it is applied to
similar breaker types. The Kamphuis equation, which includes wave period, a factor that
influences breaker type, predicts measured rates well for these cases. However, Figure 5
indicates that the Kamphuis equation tends to underpredict as the LST rate increases. The
Kamphuis equation (Equation 2) gives transport rate as a function of H°, whereas transport rate
using the CERC formula (Equation 1) is a function of H’”. For higher waves, Equation 2 will
give significantly lower values than Equation 1, and it is unclear if Equation 2 will give accurate
results at high-energy conditions.

Unfortunately, historical data are not always available at a location to calibrate K. A solution to
estimate K at these locations is to use shoreline change data to estimate the LST rate for
calibration of K. Also, if historical transport data are available at another site that has similar
wave conditions, sediment grain sizes, and bathymetry it may be applicable for calibration.
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Figure 5. Comparison of calculated to measured transport rates

CROSS-SHORE DISTRIBUTION OF LST: Ongoing research in the LSTF includes
investigation of the cross-shore distribution of longshore sediment transport. Longshore sediment
flux was calculated from the rate of sand collected in each trap, and plotted as a function of
distance from the shoreline in Figure 6 for the experiments listed in Table 1. The figure indicates
that there are three distinct zones of transport: incipient breaking zone, inner surf zone, and
swash zones.
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Figure 6. Cross-shore distribution of measured longshore sediment transport

Incipient Breaking Zone. At incipient breaking, a substantial peak in transport occurs for the
plunging-wave cases, Tests 3 and 6. However, an increase in transport is not observed in the
spilling-wave cases. The absence of a peak in transport for the spilling cases can be explained as
a function of breaker type. Turbulence associated with spilling breakers remains close to the
surface in the bore. The jet associated with the large plunging waves penetrated deep into the
water column, impacted the bed, and caused sand to be suspended and transported by the
longshore current (Wang et al. 2002).

Inner Surf Zone. Figure 7 shows the wave height distribution for the four cases. Tests 1 and 3
have similar heights and similar sediment fluxes in the inner surf zone. Wave heights and
sediment fluxes for Tests 5 and 6 are lower in the inner surf zone than the higher energy cases.
However, wave heights and sediment flux for Test 6 are slightly higher than those of Test 5. In
the inner surf, energy is saturated and wave height is strongly controlled by depth, and
independent of period. The results imply that sediment flux in the inner surf zone is dominated
by wave height and independent of period.

Swash Zone. The swash zone was defined as the region where an increase in foreshore slope
was observed, which was within 2 m from the shoreline for the present experiments. There is a
peak in transport in the swash zone for all cases, and Figure 6 shows that swash zone transport
has a dependence on wave period. For waves having similar incident wave heights but different
periods, i.e., Tests 1 and 3, and Tests 5 and 6, swash zone transport is much greater for the longer
period cases. In most longshore sediment transport models the swash transport contribution is
either completely ignored or merely accounted for as part of the total sediment transport budget
(Van Wellen et al. 2000). However, significant swash zone transport rates have been observed in
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field and laboratory studies (Sawaragi and Deguchi 1978, Bodge and Dean 1987), and swash
zone transport can account for up to 50 percent of the total LST (Elfrink and Baldock 2002, Van
Wellen et al. 2000). For the higher energy cases (Test 1 and Test 3), swash zone transport
accounts for a third of the total transport. However, for the lower energy cases (Test 5 and Test
6), swash zone transport accounts for 40 to 60 percent of the total transport. Additionally, the
reduction in total transport between the higher and lower spilling cases (Test 1 and Test 5) was a
factor of 2.3, but the reduction in swash transport was only 1.2. The reduction in total transport
between higher and lower plunging cases (Test 3 and Test 6) was 1.7, but the reduction in swash
zone transport was 1.3. Although data are limited, this implies that swash zone transport
contributes more to the total transport rate for smaller scales, and conversely, as incident wave
height increases the contribution of swash transport to total transport is less. This observation
agrees with findings of Elfrink and Baldock (2002), who found that the relative contribution of
swash zone transport was greater during calm conditions than during storms. The results indicate
that the role of swash zone transport can be significant, especially in lower energy environments,
which would include small-scale physical models.
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Figure 7. Cross-shore distribution of wave heights

In addition, results from the present study have implications to field measurements of LST.
Although swash zone transport measurements are difficult to obtain in the field, the results
indicate that it is necessary to include swash zone transport to obtain accurate measurements of
total longshore sediment transport. For example, if swash zone transport was not measured in the
present study, the overestimates of the CERC formula increase by 50 to 275 percent.

SUMMARY AND CONCLUSIONS: Mecasurements of LST rates were performed in a large-
scale physical model for four incident wave conditions that varied by breaker type and incident

10



ERDC/CHL CHETN-IV-62
September 2004

energy. Measured transport rates were compared to estimates computed with the CERC formula
(Kamphuis 1991; Bailard 1981, 1984; del Valle, Medina, and Losada 1993). The CERC formula,
in particular the coefficient K, was evaluated. It was found that the CERC formula overestimated
measurements by a factor of 7 to 8 for spilling breakers, and more than a factor of 3 for plunging
breakers. The CERC formula is not sensitive to breaker type, which was found to be an
important factor in determining total LST rates. If the coefficient K of the CERC formula was
calibrated with measured data and applied to similar breaker types, differences were reduced to 7
percent. Estimates using the Kamphuis equation, which includes wave period, that influences
wave breaking, were good with differences ranging from 1 to 22 percent. The findings indicate
that total LST rate is a function of breaker type, and the CERC formula performs well if K is
calibrated and applied to wave conditions having similar breaker type.

The cross-shore distribution of longshore sediment transport indicated three distinct zones of
transport: the incipient breaker zone, the inner surf zone, and the swash zone. A peak in transport
occurred for plunging waves in the incipient breaker zone, indicating that this breaker type
suspends more sediment for transport. Breaker type is a function of wave height, period, and
beach slope (Galvin 1968). Transport in the inner surf zone indicated that wave height was the
dominating factor and independent of wave period. Swash zone transport, which accounted for a
significant percentage of the total transport, showed a dependence on wave height, period, and
beach slope.

POINTS OF CONTACT: Questions about this CHETN can be addressed to Mr. Ernest R.
Smith (601-634-4030, Fax 601-634-4314, e-mail: Ernest.R.Smith@erdc.usace.army.mil,. The
contributions of William Halford, David Daily, and Tim Nisley, who provided technical support
to this study, are gratefully acknowledged.
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